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1. Introduction
1. 1. The object of research
The object of research is mass transfer processes on a combined contact element in a column 
apparatus.
1. 2. Problem description
In conditions of significant anthropogenic pressure on the environment the investigation for 
the most effective and economical methods of cleaning industrial emissions is relevant. Cleaning 
methods and equipment developed should take into account the possibility of working in a wide 
range of operating conditions. To reduce energy consumption in systems for capturing harmful and 
toxic substances, it is necessary to reduce hydraulic resistance while maintaining high efficiency 
in cleaning gas flows.
Given the contradictory requirements for equipment and despite the large number of exist-
ing devices for mass transfer processes, the development of new high-intensity and efficient equip-
ment is of considerable interest to environmental technologies in many industries [1].
A B S T R A C T
The object of research: mass transfer processes on a combined contact element in a column 
apparatus.
Investigated problem: determination of the regularities of process parameters in the pro-
cessing of gas-liquid systems in a foam layer, as well as to interpret the obtained experimen-
tal data. The problem of processing industrial gas flows is solved by conducting the process 
in an intensive mode.
The main scientific results: as a result of the study, the regularities of ammonia absorp-
tion were revealed depending on the main parameters of the experiment: gas velocity in the 
column cross-section, ammonia concentration, free cross-section of the combined contact 
element, and liquid loads. The process of mass transfer in the gas phase is significantly in-
fluenced by hydrodynamic parameters – the gas velocity in the apparatus and the specific 
load on the liquid, which indirectly affect the height of the liquid layer on the plate and the 
gas content of the layer.
The area of practical use of the research results: sorption processes for processing gases 
and liquids in technological processes, absorption of harmful substances in the treatment of 
gas emissions.
Innovative technological product: new block poppet-nozzle contact device that operates 
in a stabilized hydrodynamic mode; new ball-shaped weighted nozzle for three-phase foam 
layer.
Scope of application the innovative technological product: technological processes in the 
treatment of gas emissions or technological gases.
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A common method of cleaning gas streams is absorption methods for absorbing harmful 
components from exhaust industrial gases. In this case, either the process of physical absorption 
occurs, or the absorbent enters into chemical interaction with the absorbed component [2].
1.3. Suggested solution to the problem
Foam mode and foam devices of the “classical” type are described in works [3, 4]. Due to 
its high efficiency, high unit capacity, good operational qualities of their application, they can im-
prove the stages of gas purification for technological and sanitary purposes, increase efficiency and 
increase the reliability of gas-cleaning equipment [5]. One of the promising areas of intensification 
of the mass transfer process is the development of apparatuses using a stabilized foam mode of 
interaction of gas-liquid flows. Previously studied devices with a foam layer [6] were used mainly 
in technological cycles with significant specific loads on gas and liquid, which led to high energy 
consumption. At the same time, in systems for cleaning industrial gases from harmful components, 
which are usually present in low concentrations, it is necessary to ensure a high degree of gas pu-
rification with minimal liquid consumption and low spray ratio [7].
One of the promising areas for intensifying the mass transfer process is the development of 
apparatuses using foam modes of interaction of gas-liquid flows, including in the layer of moving 
bodies. Compared to traditional plate and nozzle columns foam apparatuses with foam layer stabi-
lization have a number of advantages:
– the ability to operate in a wide range of gas speeds without significantly increasing hy-
draulic resistance, which is especially important for gas purification processes in conditions with 
frequently variable flow rates both in the direction of decreasing and increasing;
– almost homogeneous distribution of the liquid phase over the entire cross-section of the 
device, which leads to an increase in the mass transfer surface;
– high turbulence of gas and liquid flows, which provides high coefficients of heat and mass 
transfer;
– the possibility of intensifying the operation of existing absorption columns equipped with 
sinkhole plates by changing the operating mode of the device.
The previously studied foam layer apparatuses were mainly used in technological cycles 
with significant specific loads on gas and liquid, which led to high energy consumption. At the 
same time, in industrial gas purification systems from harmful components present, as a rule, in 
low concentrations, it is necessary to ensure a high degree of gas purification with minimal liquid 
loads [8].
The aim of research is to obtain the regularities of process parameters in the processing of 
gas-liquid systems in a foam layer, as well as to analyze and interpret the experimental data. 
The problem of processing industrial gas flows is solved by conducting the process in an 
intensive mode. Industrial implementation of absorption processes in the foam layer and the use 
of the gas-liquid layer stabilization method significantly expand the scope of application of foam 
apparatuses and opens up new opportunities for intensifying technological processes while simul-
taneously creating low-waste technologies. And the use of modern designs of regular nozzles as 
stabilizers allows to modernize the existing absorption devices.
2. Materials and Methods
For these purposes, a new design of the stabilizer with a large free volume was developed. 
The advantage of the proposed design is the transition to a structured foam mode of operation 
at relatively low gas speeds, as well as a developed phase contact surface. The cellular structure 
from which the stabilizer is made makes it possible to achieve increased values of mass transfer 
coefficients due to the effect of film formation in small cells. The structure has high porosity and 
low hydraulic support. Depending on the selection of material, the structure may have different 
wettability.
The new structures are simple and have a relatively low cost, which allows them to be ef-
fectively used in the processes of cleaning waste gases in various industries, in cooling towers of 
recycled water supply systems, in a number of other processes of heat and mass transfer, including 
by upgrading existing installations.
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Hydrodynamic modes of motion of droplets and films in the gas-liquid layer of foam appa-
ratuses differ sharply from traditional ones and significantly affect the efficiency of mass transfer 
processes. To calculate the mass transfer coefficient in the gas phase in an apparatus with a foam 
layer for the absorption of fluoride gases by various absorbers the following general equation was 
proposed [9]:
                
01.81.1 0.13 0.43 0.3 .−β = ⋅ ρ ⋅ Sg g n nA w L H d e   (1)
In which the constant A is determined experimentally for each gas and absorber system. The 
efficiency or degree of absorption is determined by the equation [9]:
                 1
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    (2)
The final concentration c2 is determined at a known initial concentration of the absorbed gas c1. 
The effectiveness or degree of absorption is calculated as







     (3)
2. 1. Experimental procedures
To study mass transfer in the gas phase βg , ammonia was chosen as the absorbed compo-
nent, and water was chosen as the absorber phase. Air was considered an inert gas that does not 
dissolve in water. The research was taken on a laboratory installation, which is shown in Fig. 1.
Fig. 1. Scheme of a laboratory installation for studying mass transfer in the gas phase:  
1 – column; 2 – combined contact element Unit; 3 – liquid distributor; 4 – gas distributor;  
5 – gas blower; 6 – measuring pipe; 7 – pitot tube; 8 – rotameter; 9 – valves; 10 – diffmanometers; 
11 – samplers; 12 – ammonia cylinder, 13 – pump
Inside the column 1 there is a combined contact unit 2. An air – ammonia mixture was sup-
plied from the bottom of the column, which was obtained by mixing ammonia from the cylinder 12 
with air pumped by a gas blower 5. Irrigation water was supplied to the top of the column from 
the water supply system through a liquid distributor. Low-concentration ammonia water formed as 
a result of absorption was discharged into the sewer, and air was discharged into the atmosphere. 
The flow rates of water and ammonia were regulated by valves 9 and measured by rotameters 8, 
respectively.
The ammonia concentration was determined by sampling by titration. The liquid flow rate 
ranged from 1 to 15 m3/m2h, and the gas velocity ranged from 2–4 m/s.
The procedure for sampling was carried out as follows: the water supply valve was opened 
and the required flow rates were set. Then the gas blower was started and the air flow rate corre-
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sponding to the foam mode was set. Open the valve 9 for the supply of ammonia and set its flow 
rate. After 5 minutes, gas samples were taken at the bottom and top of the column and a liquid 
sample at the bottom of the column. The temperature of the medium was 20 °C. Then the sampling 
was repeated again. At the end of the measurement, the ammonia supply was closed, the gas blower 
was turned off, and the water was turned off.
The ammonia content in the sample was determined using phenolphthalein, sulfuric acid 
solution, and sodium hydroxide solution. The loads and amount of absorbed ammonia were deter-
mined by the material balance of absorption.
Efficient operation of mass transfer equipment is achieved with a specific combination of 
the values of the mass transfer coefficient K and the efficiency factor η, which characterizes the 
efficiency of the mass transfer process.
Between η  and К such a relationship was specified as [10]:






      (4)
Mass transfer in the gas phase was studied on a stand with a column of 0.24 m under con-
ditions of ammonia absorption by water. Ammonia absorption was carried out at a gas veloci-
ty=2–4 m/s using a foam layer stabilizer of certain optimal parameters. The stabilizer was installed 
above the hole plate at a height of 0.1–0.12 m.
As a result of the study, the regularities of ammonia absorption were revealed depending on 
the main parameters of the experiment: gas velocity in the column cross-section, ammonia concen-
tration, free cross-section of the combined contact element, and liquid loads.
3. Results
When studying the absorption of ammonia (Fig. 2) it was found that the efficiency of 
the device somewhat depends on the change in the gas velocity. However, it can be observed 
that the efficiency with the use of a stabilizer is greater than without it and is noticeably great-
er when using a stabilizer with a plate with a smaller free cross-section and with plate holes 
de=0.012 m.
This can be explained by the fact that plates with a larger free cross-section contribute to a 
larger liquid failure, and sufficiently large holes and a moderately low free cross-section create a 
greater height of the foam layer, and thus the mass transfer surface increases. This fact is confirmed 
by an increase in the intensity of the absorption process for such a combination of contact block 
elements.
After analyzing the obtained experimental data, they are shown in Fig. 3 it can be saying 
that an increase in the free cross-sectional area leads to a decrease in the efficiency of the contact 
element. Fig. 4 shows that the irrigation density in the combined contact element affects absorption 
only up to 8–10 m3/m2h, then its effect stabilizes and is insignificant.
When using a stabilizer, a noticeable increase in the efficiency in the combined contact 
element was observed depending on the concentration of ammonia compared to the experiment 
without using a stabilizer (Fig. 5). The efficiency of the combined contact element increases by 
15–17 percent, all other things being equal, when using a stabilizer with a smaller free cross – sec-
tion of hole plates. This is consistent with the works of the authors [10], which makes it possible to 
use well-known methods for calculating the required number of steps to achieve a given process 
efficiency.
So, after analyzing Fig. 6 it is possible to say that increasing liquid irrigation increases the 
mass transfer coefficient. When the free cross-sectional area of the hole plate increases (Fig. 7) 
there was a decrease in ammonia absorption. This is due to a decrease in the amount of liquid in the 
combined contact element, its failure to lower contact stages, an unstable foam layer, and a decrease 
in the phase contact surface.
When the diameter of the holes increases (Fig. 8) in the plate, there was also a decrease in 
the mass transfer coefficient due to the above factors. The mass transfer coefficient is significantly 
influenced by the gas velocity, as can be seen from the results shown in Fig. 9.
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Fig. 2. Dependence of the efficiency for the ammonia-water system in a combined contact element 
on the gas velocity: L0=5 m
3/m2×h; 1 – dе=0.02 m, S0=0.383 m
2/m2 – without stabilizer;  
2 – dе=0.015 m, S0=0.217 m
2/m2 – with stabilizer; 3 – dе=0.012 m, S0=0.137 m












Fig. 3. Dependence of the efficiency in the ammonia-water system in a combined contact element 
on the free cross-section of the hole plate S0, m
2/m2:  
L0=5 m















Fig. 4. Dependence of the efficiency factor for the ammonia-water system in a combined contact 
element on the irrigation density L0, m
3/m2h: Wg=2,5 m/s, СNH3=2 %: 1 – dе=0.02 m,  
S0=0.383 m
2/m2 – without stabilizer; 2 – dе=0.015 m, S0=0.217 m
2/m2 – with stabilizer; 3 – dе=0.012 m, 
S0=0.137 m
2/m2 – with stabilizer
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Fig. 5. Dependence of the efficiency factor for the ammonia-water system in a combined contact 
element on the initial concentration of ammonia: Wg=2.5 m/s, L0=5 m
3/m2×h: 1 – dе=0.02 m, 
S0=0.383 m
2/m2 – without stabilizer; 2 – dе=0.015 m, S0=0.217 m
2/m2 – with stabilizer;  
3 – dе=0.012 m, S0=0.137 m











Fig. 6. Dependence of the mass transfer coefficient (m/h) assigned to the plate area on the 
irrigation density (m3/m2h). Ammonia – water system: dе=0.012 m,  
S0=0.137 m
2/m2 – with stabilizer, Wg=2.5 m/s
After processing the experimental data, empirical dependences were obtained for calculat-
ing the mass transfer coefficient in the gas phase m/h:
                
3 1.5 0.17 0.38 0.77
0 01.3 10
−= ⋅s g eK W L d S    (5)
and when determining efficiency, % :
              
3 1.7 0.35 0.3 0.52
0 00.170 10 .
− − −η = ⋅ g eW L d S     (6)
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Formulas are applied in the following boundaries: Wg=2–4 m/s, L0=3–15 m
3/m2h, S0=0.1–
0.4 m2/m2, de=0.01–0.02 m.










Fig. 7. Dependence of the mass transfer coefficient (m/h) assigned to the area of the plate on the 















Fig. 8. Dependence of the mass transfer coefficient of the combined contact element on the gas 
velocity. Ammonia – water system: L0=5 m
3/m2×h; 1 – dе=0.02 m, S0=0,383 m
2/m2 – without 
stabilizer; 2 – dе=0.015 m, S0=0.217 m
2/m2 – with stabilizer; 3 – dе=0.012 m,  
S0=0.137 m
2/m2 – with stabilizer
When deriving the calculated criterion equations for ammonia absorption, the dependence 
of Ks=f(H) represent it as a monomial [9, 10]:
                 ( ) .=
m
sK n H     (7)
As a result of processing experimental data, an equation was obtained for determining the 
mass transfer coefficient in the gas phase Ks, m/h:
          
0.3311,145 .=s gK W H      (8)
As can be seen from Fig. 8 the gas velocity has a significant effect on the height of the 
gas-liquid layer and the mass transfer coefficient in the combined contact element. The deviation 
of the experimental data from the calculated ones according to (8) did not exceed ±15 %.
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4. Discussion
Therefore, the efficiency of mass transfer in a combined contact element operating in a 
stable foam mode confirms that the selected design of the elements causes intensive mixing of in-
teracting phases, restraint of gas content in a certain range and an increase in the size of the contact 
surface of the phases and the rate of their renewal.
The noticeable difference in the form of the equations, their validity only for relatively narrow 
ranges of operating conditions, does not allow to recommend the use of these dependencies for calcu-
lating industrial or pilot installations operating in other hydrodynamic modes, or on other interacting 
systems [11, 12]. Therefore, when reconstructing existing and designing new gas emission treatment 
equipment, additional experimental studies are needed to identify patterns of the cleaning process.
It is possible to use the proposed design using a three-phase foam layer with a weighted noz-
zle for further intensification of absorption apparatuses. Previously, it was suggested that the use of 
mesh materials for the manufacture of nozzle bodies is promising, then it is necessary to emphasize 
the peculiarity of the operation of devices with such nozzles [13].
In devices with ball nozzles, gas passes between the channels formed by the nozzle bodies, 
and liquid in the form of films and drops flows down the surface of the balls. In the case of a mesh 
nozzle, the interaction of gas with liquid occurs not only on the surface of the nozzle, but also 
inside its volume. Therefore, the mechanism of switching the nozzle to the developed fluidization 
mode will differ significantly from conventional ball nozzles. Therefore, it is necessary to conduct 
further studies of the hydrodynamic modes of operation of the device with a mesh nozzle and de-
termine the parameters that affect the speed of transition of the nozzle from one mode to another.
The study of mass transfer in a fluidized bed absorber of an irrigated nozzle is complicated by 
the fact that the contact surface between the phases can vary significantly depending on hydrodynam-
ic conditions, in particular, on the gas velocity and irrigation density. At the same time, it is difficult 
to determine the influence of these factors on the contact surface and on the mass transfer coefficient.
When evaluating the efficiency of absorbers with a three-phase layer, mass transfer coefficients 
(volume and surface) or the number of transfer units are used. The volume mass transfer coefficient 
refers to a unit of static nozzle volume (Ky coefficient) or a unit of dynamic layer volume (Ka coefficient).
The considered equations show that the determination of the intensity of substance transfer 
in a layer with a fluidized bed irrigated nozzle does not have firmly established regularities. All 
equations are empirical and determine the possibility of their application only for the conditions of 
experiments on the example of which they are derived. This shows that studying the intensity of 
substance transfer in the fluidized bed layer requires further research.
Thus, the calculation and design of devices with a foam layer and a fluidized bed nozzle is 
carried out so far only on the basis of experimental data [14–17] obtained on a limited number of 
interacting systems. Theoretical provisions are not sufficiently developed, so in practice, only the 
ball nozzle finds the main application in devices with a movable nozzle as the most studied, and 
other designs remain unclaimed.





It can be concluded that the process of mass transfer in the gas phase is significantly influ-
enced by hydrodynamic parameters – the gas velocity in the apparatus and the specific load on the 
liquid, which indirectly affect the height of the liquid layer on the plate and the gas content of the 
layer, as well as the physical and chemical properties of interacting systems have not been studied. 
The efficiency of the combined contact element increases by 15–17 %, all other things being equal, 
when using a stabilizer with a smaller free cross – section of hole plates.
The empirical equations for calculating the mass transfer coefficient in the gas phase de-
scribes the system with an error probability of no more than 15 %.
Analysis of a number of studies shows that a promising direction for intensifying the mass trans-
fer process is the development of devices with a three-phase stabilized fluidized bed of an irrigated noz-
zle made of mesh materials. For gas purification systems from gaseous components, it is necessary to 
ensure low loads on the liquid while maintaining a high degree of purification. This can be achieved by 
using a hole plate with a small or medium free cross-section and a newly developed nozzle and stabilizer.
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The industrial implementation of the gas-liquid layer stabilization method significantly ex-
pands the scope of application of foam apparatuses and opens up new opportunities for intensifying 
technological processes while simultaneously creating low-waste technologies.
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